During lytic Kaposi's sarcoma-associated herpesvirus (KSHV) infection, the viral endonu-16 clease SOX promotes widespread degradation of cytoplasmic messenger RNA (mRNA). 17
protective sequence may be representative of a larger class of nuclease escape elements, as 23 we identified a similar protective element in the GADD45B mRNA. The IL-6 and GADD45B-24 derived elements display similarities in their sequence, putative structure, and several 25 associated RNA binding proteins.
However, the overall composition of their 26 ribonucleoprotein complexes appears distinct, leading to differences in the breadth of 27 nucleases restricted. These findings highlight how RNA elements can selectively control 28 transcript abundance in the background of widespread virus-induced mRNA degradation. 29 30 AUTHOR SUMMARY 31 The ability of viruses to control the host gene expression environment is crucial to promote 32 viral infection. Many viruses express factors that reduce host gene expression through 33 widespread mRNA decay. However, some mRNAs escape this fate, like the transcript 34 encoding the immunoregulatory cytokine IL-6 during KSHV infection. IL-6 escape relies on 35 an RNA regulatory element located in its 3'UTR and involves the recruitment of a 36 protective protein complex. Here, we show that this escape extends beyond KSHV to a 37 variety of related and unrelated viral endonucleases. However, the IL-6 element does not 38 protect against cellular endonucleases, revealing for the first time a virus-specific nuclease 39 escape element. We identified a related escape element in the GADD45B mRNA, which 40 displays several similarities with the IL-6 element. However, these elements assemble a 41 largely distinct complex of proteins, leading to differences in the breadth of their protective 42 capacity. Collectively, these findings reveal how a putative new class of RNA elements 43 function to control RNA fate in the background of widespread mRNA degradation by viral 44 endonucleases. 45 46 INTRODUCTION 47 A number of viruses restrict host gene expression to reduce competition for resources 48 and dampen immune responses. This 'host shutoff' phenotype can be triggered through a 49 range of mechanisms that operate at nearly every stage of the gene expression cascade. 50
Viruses whose host shutoff strategies involve the induction of widespread mRNA decay 51 include the alpha and gammaherpesviruses, vaccinia virus (VACV), influenza A virus (IAV), 52 and SARS coronavirus (SCoV) [1] [2] [3] [4] [5] In each of the above cases, mRNA degradation is 53 induced via one or more internal endonucleolytic cleavages in the target mRNA or, in the 54 case of VACV, direct removal of the mRNA 5' cap [5] [6] [7] [8] [9] . This is invariably followed by 55 exonucleolytic degradation of the cleaved fragment(s) by components of the mammalian 56 RNA decay machinery such as Xrn1 [1, 10, 11] . 57
The viral strategy contrasts with basal mRNA degradation in eukaryotes, which is a 58 tightly regulated process that initiates with gradual shortening of the poly(A) tail, followed 59 by removal of the 5' cap prior to exonucleolytic degradation of the transcript body [12] . 60
Although eukaryotes encode endonucleases, they are generally restricted to a highly 61 specific set of targets. For example, mRNAs containing premature stop codons are cleaved 62 by the Smg6 endonuclease during the translation-linked quality control process of 63 nonsense mediated decay (NMD) [13] . No-go decay is another form of quality control 64 activated in cases of ribosome stalling, although the specific endonuclease that cleaves the 65 mRNA remains unknown [14, 15] . The use of endonucleases during quality control enables 66 more rapid removal of aberrant mRNAs from the translation pool, as their inactivation is 67 not reliant on the prior rate limiting steps of deadenylation and decapping. In this regard, 68 virus-induced mRNA decay resembles the cellular quality control mechanisms, but with 69 significantly expanded scope. 70
One of the well-studied viral endonucleases is the SOX protein encoded by ORF37 of 71
Kaposi's sarcoma-associated herpesvirus (KSHV). During lytic KSHV replication, SOX is 72 expressed with delayed early kinetics and its nuclease activity significantly reduces 73 cytoplasmic mRNA levels [16] . SOX is conserved throughout the herpesvirus family, but 74 only gammaherpesviral SOX homologs display ribonuclease activity in cells [16] [17] [18] . 75
Perhaps surprisingly, its activity is not restricted to host mRNAs, and studies with the SOX 76 homolog from murine gammaherpesvirus 68 (MHV68) indicate that SOX activity helps fine 77 tune viral mRNA levels in a manner important for the in vivo viral lifecycle [19, 20] . 78
Although most mRNAs are subject to cleavage by SOX, a recent degradome-based 79 sequencing analysis together with studies on individual endogenous and reporter mRNAs 80 revealed that SOX cleavage sites are defined by a degenerate RNA motif [10, 21] . The SOX-81 targeting motif can be located anywhere within an mRNA and may be present multiple 82 times [10, 21] . 83
The observation that a targeting motif is present on SOX cleaved mRNAs suggests that 84 transcripts lacking this element should escape cleavage. Indeed, RNAseq analyses indicate 85 that approximately one-third of mRNAs are not depleted by SOX [22, 23] . Studying these 86 'escapees' in aggregate is complicated, however, by the fact that multiple mechanisms can 87 promote apparent escape. These include lack of a targeting motif, indirect transcriptional 88 effects, and active evasion of cleavage [22, [24] [25] [26] [27] [28] . This latter phenotype, termed dominant 89 escape, is particularly notable as it involves a specific RNA element whose presence in the 90 3' UTR of an mRNA protects against SOX cleavage, regardless of whether the RNA contains 91 a targeting motif. The one known example of dominant escape derives from the host 92 interleukin-6 (IL-6) transcript [26, 27, 29] . 93 IL-6 expression is required for survival of B cells infected with KSHV, and the virus 94 engages a number of strategies to drive production of this cytokine [30] [31] [32] [33] [34] [35] [36] [37] [38] . The IL-6 mRNA 95 is directly refractory to SOX cleavage and thus remains robustly induced during host 96 shutoff due to the presence of a specific 'SOX resistance element' (SRE) [26, 29] . Even in the 97 absence of infection, reporter mRNAs bearing the IL-6 SRE remain stable in SOX-expressing 98 cells, an observation that has helped delineate features of this novel RNA element required 99 for the protective phenotype [26, 27] . The IL-6 SRE was fine mapped to a 200 nt sequence 100 within the 3' UTR, which was subsequently shown to assemble an 'escape complex' of at 101 least 8 cellular RNA binding proteins involved in protection [26, 27] . How this complex 102 functions to restrict SOX recognition remains largely unknown, although nucleolin (NCL) 103 plays an essential role. NCL is partially relocalized from the nucleolus to the cytoplasm 104 during lytic KSHV infection, where it binds the SRE using its RNA recognition motif and 105 engages in protein-protein interactions related to escape with its carboxyl-terminal RGG 106 domain [27] . 107
The IL-6 SRE is the first described ribonuclease escape element and much remains to 108 be learned about its function, as well as whether other related elements exist that protect 109 their associated mRNA. Here, we reveal that the IL-6 SRE is broadly protective against a 110 diverse group of viral endonucleases, suggesting an underlying commonality in the 111 mechanism by which these host shutoff factors recognize their mRNA targets. It is not 112 indiscriminately protective, however, as host quality control endonucleases are not 113 blocked by the IL-6 SRE. We then identify a second, novel SRE within the GADD45B mRNA, 114 which displays some physical and functional similarities to the IL-6 SRE. Collectively, these 115 findings suggest that a diversity of nuclease escape elements exist, and that their 116 characterization may lead to new insights into the control of mRNA fate in both infected 117 and uninfected cells. 118 119 120
RESULTS

121
The IL-6 derived resistance element broadly protects against cleavage by viral but 122 not cellular endonucleases 123
The 3' UTR of IL-6 contains a transferrable 200 nt SRE that protects its associated mRNA 124 from SOX-induced degradation [26, 27] . The SRE also protects mRNA from cleavage by the 125 unrelated vhs endonuclease encoded by herpes simplex virus type 1 (HSV-1), hinting that 126 this RNA element may restrict endonuclease targeting in a broader capacity [27] . To test 127 this hypothesis, we assessed whether the presence of the SRE impacted the ability of a 128 panel of homologous and heterologous mRNA-specific viral endonucleases to degrade a 129 target mRNA. In addition to HSV-1 vhs, these included homologs of KSHV SOX from the 130 related gammaherpesviruses Epstein-Barr virus (EBV; BGLF5) and murine 131 gammaherpesvirus 68 (MHV68; muSOX), as well as the heterologous host shutoff 132 endonuclease from influenza A virus (IAV; PA-X) [3,17,39]. As anticipated, the control GFP 133 mRNA was readily degraded in 293T cells co-transfected with plasmids expressing each of 134 the viral endonucleases as measured by RT-qPCR ( Fig. 1A) . However, addition of the IL-6 135 derived SRE to the 3' UTR of GFP (GFP-IL-6-SRE) prevented each of the viral endonucleases 136 from degrading this mRNA ( Fig. 1B) . Fusion of a size matched segment of the IL-6 3' UTR 137 lacking the SRE to GFP (GFP-IL-6 ΔSRE) reinstated cleavage of the GFP reporter by the viral 138 endonucleases ( Fig. 1B) . These data confirm that the protection conferred by the SRE is 139 not specific to SOX-induced cleavage, but functions more broadly to restrict mRNA cleavage 140 by a diverse set of mammalian virus host shutoff endonucleases. 141
Cleavage sites for IAV PA-X have yet to be determined, but the other endonucleases 142 do not appear to target mRNA in the same location or using the same sequence features, 143 including the SOX homologs [1, 9, 21, 40, 41] . Thus, the IL-6 derived SRE is unlikely to 144 function through steric occlusion of a common cleavage site. We instead considered the 145 possibility that the SRE functions like an RNA 'zip code', directing its associated transcript 146 to a location in the cell inaccessible to endonucleases. To test this hypothesis, we used RNA 147 fluorescence in situ hybridization (FISH) to monitor how the presence of the IL-6 SRE 148 impacted the localization of its associated mRNA. Six phage MS2-derived stem-loops were 149 introduced upstream of the SRE or ΔSRE segment of the IL-6 3' UTR in the pcDNA3 150 luciferase reporter, enabling visualization of the RNA in transfected 293T cells using a Cy3-151 labeled RNA probe directed against the MS2 sequences [42]. We verified that the presence 152 of the stem-loops did not prevent the escape of the SRE-containing reporter or degradation 153 of the ΔSRE reporter in SOX-expressing cells ( Fig. S1 ). There was no distinguishable 154 difference in the localization of the SRE and ΔSRE containing mRNAs, both of which were 155 present relatively diffusely throughout the cell (Fig. 1C) . The FISH signal was specific to 156 transfected cells, as we observed no fluorescence in neighboring untransfected cells nor 157 autofluorescence from transfected cells lacking the Cy3 probes ( Fig. 1C ). Although these 158 data to not exclude the possibility that the SRE-containing transcript became sequestered 159 into micro-aggregates or other structures not visible at this level of resolution, they do not 160 support relocalization as the driver of escape from viral endonuclease cleavage. 161 162 We next considered whether the inability to cleave an IL-6 SRE-containing 163 transcript was specific to viral endonucleases or similarly extended to host endonucleases. 164
Although basal cellular mRNA decay is carried out by exonucleases, host quality control 165 pathways involve endonucleases to promote rapid clearance of aberrant mRNA [43] [44] [45] . 166
We applied two strategies to monitor the activity of the SRE against host endonucleases. 167
The first was to use a nonsense mediated decay (NMD) target containing a premature 168 termination codon (PTC) 100 amino acids into the body of an RFP reporter mRNA (dsRed2-169 PTC) [10] . The NMD pathway detects PTCs during translation and directs cleavage of the 170 mRNA by the Smg6 endonuclease [46] . Depletion of Smg6 from 293T cells using siRNAs 171 restored dsRed2-PTC mRNA levels to those of the control dsRed2 transcript, confirming 172 that this was an NMD substrate degraded by Smg6 ( Fig. 2A-B) . We then fused the IL-6 173 derived SRE to the 3' UTR of dsRed2-PTC (dsRed2-PTC-SRE) or, as a control, the size 174 matched region from the IL-6 3' UTR lacking the SRE (dsRed2-PTC-ΔSRE) and measured 175 the levels of each mRNA by RT-qPCR in 293T cells (Fig. 2C) . In contrast to the viral 176 endonucleases, the SRE did not impair Smg6-mediated cleavage of its target mRNA, as all 177 three PTC-containing transcripts were similarly degraded ( Fig. 2A & 2C) . 178
The second strategy to monitor host endonuclease activity was to express the nsp1 179 protein from SARS coronavirus. Nsp1 is not itself a nuclease, but it binds the 40S ribosome 180 and causes it to stall on the mRNA, thus activating cleavage of the mRNA by an as yet 181 unknown cellular endonuclease via a mechanism reminiscent of no-go decay [47, 48] . 182
Although the endonuclease involved in this pathway has not been established, it is known 183 not to be Smg6 and thus this enabled evaluation of a distinct host endonuclease [48]. Nsp1 184 was co-transfected with the GFP-SRE or GFP-ΔSRE reporter into 293T cells, and depletion 185 of the GFP transcript was measured by RT-qPCR. Similar to the NMD substrate, the SRE did 186 not prevent degradation of the GFP mRNA in nsp1-expressing cells (Fig. 2D) . Collectively, 187 these results suggest that the IL-6 derived SRE confers broad protection against viral but 188 not cellular endonucleases. Given that the host endonucleases require ongoing translation 189 for target recognition, these data also confirm that the SRE does not pull its associated 190 mRNA out of the translation pool. mRNA, which is degraded by SOX upon lytic reactivation, the GADD45B mRNA levels 207 remained unchanged both in reactivated TREX-BCBL1 and iSLK.219 cells as measured by 208 RT-qPCR ( Fig. 3A & 3B) . We also confirmed that, unlike the GAPDH mRNA, the endogenous 209 GADD45B mRNA was not depleted upon transfection of KSHV SOX or HSV-1 vhs into 293T 210 cells ( Fig. 3C) . Finally, we noted that siRNA-based depletion of GADD45B from iSLK.219 211 cells resulted in decreased efficiency of lytic KSHV reactivation as well as reduced 212 expression of representative delayed early (ORF59) and late (K8.1) viral genes, suggesting 213 that GADD45B expression is important for the KSHV lytic cycle ( Fig. S2) . 214
Recently, we showed that KSHV SOX cleaves its targets at a specific but degenerate 215 RNA motif [21] . Thus, the failure of SOX (or perhaps vhs) to degrade the GADD45B mRNA 216 could either be due to the absence of such a targeting motif (e.g. passive escape), or to the 217 presence of a specific protective element like the IL-6 SRE (e.g. dominant escape). To 218 distinguish these possibilities, we constructed chimeras between GFP, which has a well-219 characterized SOX cleavage element, and the GADD45B 5' UTR, 3' UTR, or coding region 220 (CDS), each of which were cloned downstream of the GFP coding region ( Fig. 3D) . Co-221 transfection of the GFP-fused GADD45B 3' UTR construct with SOX into 293T cells did not 222 lead to degradation of this mRNA, whereas the GFP-GADD45B 5' UTR or CDS fusions were 223 readily degraded in SOX-expressing cells (Fig. 3E) . Thus, similar to the IL-6 3' UTR, the 224 To refine which GADD45B sequence encompassed the SRE, we initially looked for 230 similarities between the GADD45B 3' UTR and the IL-6 SRE using Clustal W alignment. 231
While there were no stretches of significant sequence identity between the two RNAs, the 232 last ~200nt of the GADD45B 3'UTR had the highest similarity (~46%) to the IL-6 SRE ( Fig.  233   S3) . We therefore fused this putative SRE segment of the GADD45B 3' UTR to GFP 234 (GADD45B-SRE), and found that it was sufficient to confer nearly the same level of 235 protection from SOX as the full GADD45B 3' UTR in transfected 293T cells ( Fig. 4A) . Thus, 236 similar to IL-6, the GADD45B 3' UTR contains a ~200 nt SRE (henceforth termed G-SRE). 237
We next sought to determine whether these two SREs could adopt a common 238 secondary structure. RNAfold-based predictions showed that the 3'-most segment of both 239
SREs form a long stem-loop protruding structure with at least one bulge near the middle of 240 the stem, whereas the other regions of the SREs did not fold into any similar high-241
confidence structures (Fig. 4B) . To validate this predicted SRE stem loop structure 242 experimentally, we applied in-line probing, an RNA cleavage assay in which base-paired or 243 structurally constrained nucleotides are protected from spontaneous phosphodiester bond 244 hydrolysis [57] . Results from the cleavage reaction ( Fig. S4 ) largely confirmed the RNAfold 245 predictions, apart from a small variation in the IL-6 hairpin. We then tested whether this 246 structure is required for either IL-6 SRE or G-SRE function by changing two conserved TT 247 nucleotides located directly adjacent to the bulge in each hairpin structure to GG (SRE_GG; 248 mutated residues marked with asterisks Fig. 4B ). We also separately mutated the AA 249 residues predicted to base pair with these nucleotides on the other side of the loop to CC 250 (SRE_CC). Both the SRE_GG and the SRE_CC mutations in the IL-6 or GADD45B GFP fusions 251 resulted in partial degradation of these mRNAs upon SOX expression in 293T cells, 252
suggesting that disruption of that portion of the SRE hairpin impaired the protective 253 capacity of each SRE (Fig. 4C & 4D) . Notably, combining these mutations together 254
(SRE_GG+CC), which should restore the secondary structure of the stem-loop, rescued the 255 fully protective phenotype in SOX expressing cells ( Fig. 4C & 4D) . This suggests that, at 256 least for this region of each SRE, RNA structure rather than the specific sequence is 257 important for protection against SOX cleavage. 258
The GADD45B and IL-6 SREs assemble a partially overlapping ribonucleoprotein 259 complex 260
Using an in vitro RNA-pulldown based strategy, we previously determined that the 261 IL-6 SRE assembles a specific ribonucleoprotein (RNP) 'escape' complex that is critical for 262 its ability to mediate protection from cleavage by SOX [26, 27] . Given the partial similarities 263 in length, sequence, and structure between the IL-6 SRE and the G-SRE, we hypothesized 264 that they might also assemble a similar set of RNPs to mediate their protective function. 265
Indeed, it had already been established that both transcripts bind NCL [27, 49] . We 266 therefore performed Comprehensive Identification of RNA binding Proteins by Mass 267 Spectrometry (ChIRP-MS) to compare the set of proteins bound in vivo to the IL-6 and 268 GADD45B 3'UTRs in transfected 293T cells (Fig. 5A) . Briefly, ChIRP-MS involves purifying 269 an RNA of interest along with its associated proteins from crosslinked, sonicated cells using 270 specific RNA probe-based capture, then identifying the bound proteins by MS [58] . Control 271 probes directed against GFP were included to identify nonspecific interactions, which were 272 then filtered out of the dataset. Using ChIRP-MS, we identified 195 proteins associated with 273 the GADD45B 3'UTR and 245 proteins associated with the IL-6 3'UTR, of which 124 were in 274 common between the two sets (Table S1 & Fig. S5) . Many of the proteins previously 275 identified as bound to the IL-6 SRE (Fig. 5B, gray nodes; [27]) were also recovered using 276
ChIRP-MS for the IL-6 3' UTR and were similarly associated with the GADD45B 3' UTR 277 (Table S2 & Fig. 5B, purple nodes) . We sought to independently validate a subset of these 278 common interactors by western blot following ChIRP (Fig. 5C) . Again, we recovered NCL 279
and HuR (also known as ELAVL1), two proteins that were previously identified as 280 important for IL-6 escape from SOX degradation [26, 27] . We also confirmed hnRNPU, a 281 protein that binds the IL-6 SRE but is not required for escape of the IL-6 SRE from SOX [27] . 282
However, other IL-6 SRE-bound proteins required for its escape function were not detected 283 on the GADD45B 3' UTR by ChIRP-western blot, including IGF2BP1, STAU1, ZC3HAV1, 284 YTHDC2, NPM1, and hnRNPD (Fig. 5C) . The fact that IGF2BP1 and NPM1 were recovered 285 in the GADD45B and IL-6 ChIRP-MS experiments but not in the ChIRP-western blots likely 286 reflects differences in sensitivity between MS and western blotting. 287
To further validate the interactions with NCL, HuR, and hnRNPU, we 288 immunoprecipited (IP) each endogenous protein from 293T cells and performed RT-qPCR 289 to measure the level of co-precipitating endogenous GADD45B RNA. We observed a >5-290 fold enrichment of GADD45B mRNA over the mock (IgG) IP for both NCL and HuR, although 291 we were not able to detect an association with hnRNPU in this assay (data not shown) ( Fig.  292   5D) . We confirmed that the interaction occurs on the GADD45B 3'UTR by performing the 293 IPs from cells transfected with a GFP reporter fused to either the GADD45B 5' UTR or 3' 294 UTR (Fig. 5E) . The structurally compromised mutant GADD45B 3'UTR_GG described in Fig.  295 4B failed to interact with NCL and HuR, confirming that the stem-loop structure in the SRE 296 is important for protein binding (Fig. 5E) . Collectively, these data suggest that while there 297 is some overlap between the sequence, structure, and RNA binding proteins associated 298 with the GADD45B and IL-6 SREs, these elements likely assemble distinct RNP complexes 299 and thus may function in a related but non-identical manner. 300 301 302
The GADD45B and IL-6 SREs share a requirement for HuR but differ in the breadth of 303 their protective capacity 304 Depletion of either HuR or NCL impairs the ability of the IL-6 derived SRE to protect 305 its associated mRNA from degradation by SOX [26, 27] . Given that both proteins are also 306 bound by the G-SRE, we evaluated whether they were similarly important for G-SRE-307 mediated escape. We individually depleted each protein from 293T cells using siRNAs 308 targeting HuR or NCL (or control non-targeting siRNAs), then measured the ability of SOX 309 to degrade the GFP-GADD45B-3'UTR reporter by RT-qPCR ( Fig. 6A & 6B) . Similar to the IL-310 6 SRE, depletion of HuR eliminated the protective capacity of the G-SRE, leading to 311 degradation of the GFP-GADD45B-3'UTR mRNA in SOX-expressing cells (Fig. 6A) . 312
Surprisingly however, depletion of NCL did not impair the protective effect of the G-SRE in 313 SOX-expressing cells (Fig. 6B) . 314
Finally, we used the GFP-GADD45B-3'UTR reporter to evaluate whether the G-SRE 315 conferred protection from cleavage by the panel of viral endonucleases described in Fig. 1 . 316
Using the same experimental set up as was used for the IL-6 derived SRE reporter, we 317 observed that while the GADD45B 3' UTR protected against SOX and vhs, it was unable to 318 protect against degradation by muSOX, BGLF5, and PA-X ( Fig. 6C) . Furthermore, it did not 319 protect against cleavage by the nsp1-activated host endonuclease (Fig. 6C) . Thus, although 320 the IL-6 and GADD45B derived nuclease escape elements exhibit a number of similarities, 321 they are distinct in both their RNP complex requirements and in the breadth of nucleases 322 they restrict. 323
324
DISCUSSION
325
Viruses extensively interface with the host gene expression machinery to promote 326 their own RNA and protein synthesis and to control the cellular response to infection. In 327 this regard, they have proven to be invaluable tools to dissect mechanisms of gene 328 regulation. Here, we reveal that a ~200 nt sequence present in the 3' UTR of the cellular IL-329 6 mRNA functions as a broad-acting, virus-specific endonuclease escape element, and 330 identify a similar element in the GADD45B 3' UTR. Although these two SREs are not 331 identical in their protective capacity, they display some sequence and putative structural 332 similarities and are both functionally dependent on HuR binding. We hypothesize that 333 these may therefore be representative members of a new type of RNA regulatory element 334 engaged during viral endonuclease-triggered mRNA decay. Determining whether other 335 such elements exist in mammalian or viral mRNAs is an important future goal, as is 336
deciphering conditions under which such elements impact RNA fate in uninfected cells. 337
The IL-6 and GADD45B SREs display relatively limited sequence similarity but have 338 at least one structurally important stem-loop in common. Thus, RNA structure appears to 339 be a central component of an SRE and is likely to influence recruitment or arrangement of 340 proteins involved in escape. This is in line with the fact that RNP assembly can be more 341 heavily impacted by structural fidelity than primary sequence recognition [59] . We 342 hypothesize that there is a core set of proteins required for SRE function, such as HuR, but 343 that individual SREs recruit distinct accessory factors that dictate the conditions or 344 mechanism by which that SRE protects against nuclease targeting. In this regard, we have 345 not found significant overlap between known HuR mRNA targets and mRNAs that are not 346 downregulated by SOX [22] . This is in agreement with the fact that many of the SRE bound Furthermore, our FISH data do not support mRNA relocalization or sequestration as a 373 driving feature of SRE-mediated escape. We instead hypothesize that the SRE somehow 374 occludes one or more factors required for recruitment of the viral endonucleases. This 375 could occur via long-range interactions with mRNA cap-associated proteins, which we 376 previously showed can take place for the IL-6 SRE [27] . The fact that the GADD45B SRE 377 restricts against a more limited set of host shutoff factors argues against a single factor 378 requirement. However, it is possible that there are multiple binding sites on one factor that 379 hypothesis that there are numerous SREs throughout the transcriptome is correct, it is 392 likely that individual viruses require only a subset of these host genes for replication. Other 393 mRNAs may collaterally escape simply because they contain SREs that functionally mimic 394 those present in the 'required' mRNAs. In this regard, the fact that a given mRNA escapes 395 degradation by multiple viral endonucleases does not necessarily indicate that expression 396 of that gene is broadly required for infection. Finally, it is important to bear in mind that 397 the SREs discovered thus far are cellular elements that assemble cellular proteins-and 398 thus presumably play host-directed roles in the regulation of their associated transcripts. It 399 may therefore be the case that some SRE-bearing mRNAs function in an antiviral capacity. Point mutations were introduced with the Quickchange site directed mutagenesis 433 protocol (Agilent) using the primers described in Table S3 . [Tris pH 7.4 50mM, EDTA 10mM, SDS 1%], sonicated, and cell debris was removed by 453 centrifugation at (14,000rpm for 10 min). Two mL of hybridization buffer was added to 454 each sample along with 100pmol of the indicated probes (see Table S3 for sequences). 293T cells were transfected with the indicated GFP reporter along with a control empty 790 vector (mock) or a plasmid expressing SOX. After 24 h, total RNA was harvested and 791 subjected to RT-qPCR to measure GFP mRNA levels. (B) Diagram of the structure 792 prediction obtained with RNAfold for IL-6 and GADD45B SREs. The color scale represents 793 the confidence score of the structure as calculated by RNAfold, with red representing the 794 highest confidence. Asterisks denote the location of mutations that were introduced in the 795 structure for the following assays. The insets are RNAfold predictions of the stem loops of 796 interest in isolation. (C) 293T cells were transfected with the indicated GFP reporters 797 containing mutations within IL-6 SRE at the residues marked by a * in (B) along with a 798 control empty vector (mock) or a plasmid expressing SOX. After 24 h, total RNA was 799 harvested and subjected RT-qPCR to measure GFP mRNA levels. (D) 293T cells were 800 transfected with the indicated GFP reporters mutated within G-SRE at the residues marked 801 by a * in (B) along with a control empty vector (mock) or a plasmid expressing SOX. After 802 24 h, total RNA was harvested and subjected to RT-qPCR to measure GFP mRNA levels. 803 overlaid with the set of proteins that were also recovered by ChIRP-MS for the IL-6 and 807 GADD45B 3' UTRs (purple nodes) (C) 293T were transfected with the GFP-GADD45B 808
3'UTR reporter, then 24h later they were subjected to ChIRP analysis and protein samples 809
were western blotted. (D) Crosslinked lysates of 293T cells were subjected to RNA 810 immunoprecipitation (RIP) with control IgG, anti-NCL, or anti-HuR antibodies and the level 811 of co-purifying endogenous GADD45B mRNA was quantified by RT-qPCR. Bars represent 812 the fold enrichment over the mock IP. (E) 293T cells were transfected with either the GFP-813 GADD45B 5'UTR, GFP-GADD45B 3'UTR, or GFP-GADD45B 3'UTR_GG reporter for 24 h. 814
Lysates were then subjected to RIP as described in (C). Bars represent the fold enrichment 815 over mock IP. 816 817 Figure 6 : The GADD45B SRE function requires HuR, but is only protective against 818 SOX and vhs. (A, B) 293T cells were treated with siRNAs targeting HuR (A) or NCL (B) or 819 control non targeting siRNAs. 48h later, cells were transfected with the GFP-GADD45B-820
3'UTR reporter along with a control empty vector or a plasmid expressing SOX. After 24 h, 821 total RNA was harvested and subjected to RT-qPCR to measure GFP mRNA levels. Protein 822 levels of HuR and NCL after siRNA-mediated depletion are shown under the bar graphs 823 (~30% and 45% of total protein left respectively) (C) 293T cells were transfected with the 824 GFP-GADD45B-3'UTR reporter along with a control empty vector or a plasmid expressing 825 the indicated viral endonucleases. After 24 h, total RNA was harvested and subjected to RT-826 qPCR to measure GFP mRNA levels. 827 828 829 830
SUPPORTING INFORMATION
832
Figure S1: 293T cells were transfected with the indicated MS2 luciferase reporter 833 containing or lacking the IL-6 SRE +/-a KSHV SOX expression plasmid. After 24 h, total 834
RNA was harvested and subjected RT-qPCR to measure reporter mRNA levels. 835 836 Figure S2: (A) iSLK.219 cells were treated with siRNAs targeting GADD45B (or control 837 non-target siRNAs) for 48h. Cells were then reactivated with doxycycline and sodium 838 butyrate for 24 or 48h, fixed, and reactivation efficiency was monitored by expression of 839 red fluorescent protein, which is expressed from the viral genome under the control of the 840 lytic PAN promoter. (B) After siRNA treatment and reactivation as described in A, cell 841 lysates were subjected to western blotting to measure protein levels of GADD45B, the 842 KSHV proteins K8.1 and ORF59, and GAPDH (as a loading control). 843 844 Figure S3 : Clustal W alignment of IL-6 SRE and GADD45B 3'UTR. 845 846 Figure S4 : In-line probing of the IL-6 (left) and GADD45B (right) predicted stem-loop. 32 P-847 labeled RNA (NR, no reaction) and products resulting from partial digestion with nuclease 848 T1 (T1; cuts after G residues), partial digestion with alkali (-OH), and spontaneous cleavage 849 during a 24h incubation are shown. Product bands corresponding to G residues (generated 850 by T1 digestion) are labeled with black arrows. Predicted paired or unpaired residues are 851 marked on the right of each gel and are shown on the RNA fold diagrams. 852 853 Figure S5 : Network representation of the full set of proteins identified by ChIRP-MS for 854 either the IL-6 or GADD45B 3'UTR. Purple nodes represent proteins that were previously 855 identified using an in vitro pulldown/MS-based assay [27] . 856 857 858 Table S1 : List of proteins identified by ChIRP-MS. Proteins in bold were in common 859 between the IL-6 and GADD45B 3' UTR datasets. Background proteins found in the control 860
ChIRP-MS runs with probes were filtered out together with common contaminants. 861 862 Table S2 : List of proteins identified by ChIRP-MS that are in common with previously 863
identified SRE-binding proteins [27] . 864 865 Table S3 : List of primers used in this study 866
